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We report observation of strong magnetic proximity coupling in a heterostructured superconduc-
tor Sr2VO3FeAs, determined by the upper critical fields Hc2(T ) measurements up to 65 T. Using the
resistivity and the radio-frequency measurements for both H ‖ ab and H ‖ c, we found a strong up-
ward curvature of Hcc2(T ), together with a steep increase of H
ab
c2 (T ) near Tc, yielding the anisotropic
factor γH = H
ab
c2 /H
c
c2 up to ∼ 20, the largest value among iron-based superconductors. These are
attributed to the Jaccarino-Peter effect, rather than to the multiband effect, due to strong exchange
interaction between itinerant Fe spins of the FeAs layers and localized V spins of Mott-insulating
SrVO3 layers. These findings provide evidence for strong antiferromagnetic proximity coupling,
comparable with the intralayer superexchange interaction of SrVO3 layer and sufficient to induce
magnetic frustration in Sr2VO3FeAs.
PACS numbers:
Heterostructures of correlated electronic systems offer
novel and versatile platforms for triggering various types
of interactions and stabilizing exotic electronic orders [1–
9]. When one of the constituent layers hosts a supercon-
ducting state, the other blocking layer in-between serves
as an active spacer that controls the dimensionality and
also introduces additional proximity coupling. For exam-
ple, in high-Tc cuprates and iron-based superconductors
(FeSCs), various types of blocking layers are used to tune
the superconducting properties by changing doping lev-
els, modifying the interlayer coupling, introducing lattice
strain [1–5], or inducing additional pairing interaction by
interfacial phonons [6, 7] or charge transfer [8, 9]. Par-
ticularly, when the blocking layer is magnetic, additional
magnetic interactions with localized spins may have sub-
stantial influence on the superconducting properties, but
this issue has not been much explored.
Sr2VO3FeAs is a naturally-assembled heterostructure
and has a unique position among FeSCs. In this
compound, superconducting FeAs layers and insulating
SrVO3 layers are alternately stacked [10, 11] (Fig. 1a),
analogous to the superlattice of FeSe/SrTiO3 [12, 13], but
with additional magnetic proximity coupling between Fe
and V spins. The SrVO3 layers have been identified to
host the Mott-insulating state [11, 14–17] in the absence
of a long-range magnetism of the V spins [11]. Instead, in
the FeAs layers, various phase transitions occurs above
the superconducting transition at Tc ∼ 30 K [10, 11, 18],
including an intriguing C4 symmetric transition at THO ∼
150 K [11, 19–21] without breaking any of the underly-
ing translational, rotational, and time reversal symme-
tries, reminiscent of the so-called hidden order transi-
tion [22]. Such a transition has never been observed in
other FeSCs, and magnetic proximity coupling that in-
duces frustration between stripe-type Fe and Neel-type
V antiferromagnetism [11], has been suggested to be re-
sponsible for it. However, whether or not such a magnetic
proximity coupling is strong enough, and if so, whether it
is ferromagnetic (FM) or antiferromagnetic (AFM), have
not been clarified yet.
In this Letter, we present experimental evidences for
strong AFM exchange coupling of itinerant Fe spins to
localized V spins, using the upper critical field Hc2 of
Sr2VO3FeAs single crystal for both H ‖ ab and H ‖ c,
determined by magnetoresistance measurements up to 30
T and radio-frequency (RF) contactless measurements up
to 65 T. A strongly convex Hcc2(T ) for H ‖ c is observed
in contrast to a steep linear increase ofHabc2 (T ) near Tc for
H ‖ ab. In comparison with other FeSCs, we found that
the Jaccarino-Peter (JP) effect with an exchange field up
to ∼ 20 T is responsible for this unusual behavior. Our
observations confirm that magnetic proximity coupling
can play a critical role for inducing unusual magnetic
and superconducting properties of Sr2VO3FeAs.
Single crystals of Sr2VO3FeAs were grown using self
flux techniques [11]. The typical size of each single crystal
2was 200×200×10 µm3. High crystallinity and stoichiom-
etry were confirmed by X-ray diffraction and energy-
dispersive spectroscopy. The single crystals show a clear
superconducting transition at T onsetc ∼ 27 K, which is
somewhat lower than a maximum T onsetc ∼ 35 K in a
polycrystalline sample [10]. This difference may be at-
tributed to a partial deficiency of oxygen [23]. Magne-
totransport measurements were carried out using con-
ventional six-probe method in a 14 T Physical Property
Measurement System and a 33 T Bitter magnet at the
National High Magnetic Field Lab., Tallahassee. RF con-
tactless measurements up to 65 T were performed in the
National High Magnetic Field Lab., Los Alamos.
Before discussing the upper critical field Hc2 of
Sr2VO3FeAs, we first consider the Fermi surface recon-
struction across the C4 symmetric transition THO ≈ 150
K. According to recent ARPES results on Sr2VO3FeAs
in the wide range of temperature, the heavy hole FS cen-
tered at the Γ point of Brillouin Zone (BZ), denoted
h1 in Figs. 1b and 1c, has a relatively strong kz dis-
persion and becomes fully gapped below THO. In con-
trast, the two dimensional electron FS at the M point
(e2 in Figs. 1b and 1c) remains gapless. Concomitantly
the additional small electron FS (e1 in Figs. 1b and
1c), which is absent in the calculated band structures
of Sr2VO3FeAs [22], is introduced at the Γ point, as il-
lustrated in Figs. 1b and 1c. Because of this unusual
band selective gap opening at THO, low-energy electronic
structures of Sr2VO3FeAs are significantly reconstructed
to yield two separate electron FSs (e1 and e2) with strong
mismatch in size(Supplementary Fig. S1) [31]. These
features are highly distinct from those of other FeSCs.
The FS reconstruction of Sr2VO3FeAs is also probed
by the field dependent Hall resistivity ρxy(H) of
Sr2VO3FeAs at different temperatures under magnetic
field up to 14 T (Fig. 1d). Above THO ∼ 150 K, a lin-
ear field dependence of ρxy(H) with a negative slope is
observed up to H = 14 T, similar to the cases of other
FeSCs, in which charge conduction is dominated by elec-
tron FSs with a high mobility [24]. The contribution of
the hole FSs usually appear in ρxy(H) at low temper-
atures with a positive slope [25–31], but is completely
absent in Sr2VO3FeAs. Instead we found that a non-
linear field dependence in ρxy(H) suddenly appears be-
low T0, which is well reproduced by the two-band model
with two distinct electron carriers. Using a constraint
of 1/ρxx(T ) =
∑
nieµi, the fit to the two-band model
gives us the temperature dependent carrier density (ni)
and carrier mobility (µi) as shown in Figs. 1e and 1f.
Clearly, additional electron carriers (e1) with lower den-
sity but a higher mobility are induced on top of the high
density electron carriers (e2). The densities of the two
electron carriers are estimated to be ≈ 1.1 × 1019 cm−3
and ≈ 2.3×1021 cm−3, which are in good agreement with
those of the e1 FS at the Γ (≈ 2.0× 10
19 cm−3) and the
e2 FS at the X point (≈ 1.1× 10
21), obtained by recent
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FIG. 1: (Color online) (a) Crystal structure of Sr2VO3FeAs
consisting of FeAs layers and SrVO3 layers. (b, c) Schematic
illustration of Fermi surface and band structures above (b)
and below (c) THO = 150 K. (d) Magnetic field dependence
of the Hall resistivity ρxy(H) measured at different tempera-
tures. The solid lines in the inset represent best fits for Hall
data. (e, f) Temperature dependence of the carrier density
(e) and the mobility (f), extracted from the fits using one
band model (black) for T > THO and two-band model (red
and orange) for T < THO.
ARPES studies [17]. This additional conduction chan-
nel of the small FS (e1) with high mobility compensate
for the loss of conduction from the gapped hole FS be-
low THO, which may explain a weak resistivity anomaly
across THO.
Now we focus on the upper critical field Hc2 of
Sr2VO3FeAs single crystals, obtained from RF measure-
ments and the resistivity (Fig. 2). The radio-frequency
curves as a function of magnetic fields along H ‖ ab and
H ‖ c yield Hc2(T ) at various temperatures (Figs. 2a
and 2b). Here we determined Hc2 by taking the magnetic
field at which the steepest slope of the radio-frequency
intercepts the normal-state background. Temperature
and magnetic field dependence of resistivity ρxx were also
used to determine Hc2(T ) under magnetic field up to 33
T (Supplementary Fig. S2) [31] . Using the criterion of
50% of resistive transition, we obtained Hc2(T ), consis-
tent with that from the RF contactless measurements.
We note that using different criteria for Hc2 in the RF
and the resistivity measurements obtained qualitatively
the sameHc2(T ) behaviour(Supplementary Fig. S3) [31].
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FIG. 2: Magnetic field dependence of the radio-frequency for (a) H ‖ ab and (b)H ‖ c. Red stars show estimated Hc2. (c) Upper
critical field Hc2(T ) for H ‖ ab (red open symbols) and H ‖ c (blue open symbols) as a function of the normalized temperature
T/Tc for the four crystals (S1, S2, S6, S8) estimated from the TDO and resistivity measurements. Red and blue solid lines
are Jaccarino-Peter fits for H ‖ ab and H ‖ c, respectively, and the black solid lines are Werthamer-Helfand-Hohenberg curves
with α = 0 for comparison. (d) Temperature dependent anisotropic factor γH of Sr2VO3FeAs and other FeSCs [34, 37–46].
Red solid line shows γH of Sr2VO3FeAs calculated from the Hc2(T ) fits for comparison.
Figure 2 (c) shows Hc2(T ) curves as function of the
normalized temperature (t = T/Tc) for H ‖ ab and
H ‖ c. We found that Hc2(T ) curves taken from different
samples and different measurements are consistent with
each other. Depending on the magnetic field orientations,
Hc2(T ) exhibits different behaviors. For H ‖ ab, H
ab
c2 (T )
shows a concave temperature dependence with saturation
at low temperatures. This shape is typically observed
in many FeSCs [32, 33] in which the Pauli limiting ef-
fect dominates over other pair-breaking mechanisms. In
contrast, Hcc2(T ) for H ‖ c shows a strongly convex be-
haviour with a strong upward curvature. The similar
convex behaviours of Hc2(T ) have been rarely observed,
except in some FeSCs including Ba(Fe,Co)2As2 [34],
(Sr,Eu)(Fe,Co)2As2 [35], LaFeAs(O,F) [36], and Nd-
FeAs(O,F) [37]. However their upward curvature of
Hc2(T ) is far less significant than found in Sr2VO2FeAs.
This strong anisotropic behavior ofHc2 in Sr2VO3FeAs
can be quantified by the anisotropy factor γH =
Habc2 /H
c
c2. We plot the temperature dependent γH
for Sr2VO3FeAs together with other FeSCs in Fig.
2(d). Near Tc, the slope of Hc2(T ) is estimated to be
dHc2/dT |Tc ≃ -7.4 T/K for H ‖ ab and ≃ -0.2 T/K for
H ‖ c, in Sr2VO3FeAs, resulting in γH ∼ 20 at T ≈ Tc.
This is the highest γH found in FeSCs. As shown in Fig.
2(d), the typical values of γH are ≃ 2-3 in the so-called
122 compounds and γH ≃ 5-6 in the 1111 compounds.
Usually, the thicker blocking layer between the super-
conducting layers induces the stronger anisotropy of Hc2
with a larger γH . The γH values of various FeSCs with
a different thickness (d) of the blocking layer follow an
empirical relation γH/d ∼ 0.65 A˚
−1 (Supplementary Fig.
S4) [31]. However, Sr2VO3FeAs has γH ≈ 20, which is
by a factor of two larger than what is expected. This
observation indicates that the relatively thick blocking
layer in Sr2VO3FeAs alone cannot explain the observed
γH and also its strong temperature dependence.
In comparison with other FeSCs, we found that the
exceptionally small dHcc2/dT near Tc for H ‖ c is cru-
cial to the large γH in Sr2VO3FeAs. In the case of
H ‖ ab, the normalized slope of the upper critical field at
Tc, −(dH
ab
c2 /dT )/Tc is closely related to the diffusivity
along the c-axis and thus is sensitive to the interlayer
distance. Sr2VO3FeAs nicely follows the linear trend
of −(dHabc2 /dT )/Tc as a function of the thickness of the
blocking layer d (Fig. 3a). The distinct behaviour of
Sr2VO3FeAs is observed for H ‖ c. In the case of H ‖ c,
−(dHcc2/dT )/Tc is more sensitive to the electronic struc-
ture of the FeAs layer than to the interlayer distance. In
conventional superconductors, −(dHcc2/dT )/Tc is known
to be proportional to 1/〈v2F 〉 (Fig. 3b, blue dotted-
line). The strong correlation between −(dHcc2/dT )/Tc
and 1/〈v2F 〉 is confirmed in FeSCs (Fig. 3b). The data
for Sr2VO3FeAs, however, clearly deviate from this trend
and show the lowest−(dHcc2/dT )/Tc value, leading to the
largest γH among the FeSCs.
For many FeSCs, temperature dependent Hcc2(T )
has been understood using the two-band dirty-limit
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FIG. 3: (Color online) (a) Interlayer distance dependence of
normalized slope of Hc2(T ) near Tc for H ‖ ab. The normal-
ized slope of Hc2(T ) increases in proportion to the interlayer
distance. (b) Normalized slope of Hc2(T ) near Tc for H ‖ c
as a function of < v2F >. Sr2VO3FeAs is clearly out of the
trend of other FeSCs [17, 47–55].
model [56]. In this model, the intra- and inter-band
coupling (λ11,22 and λ12,21) and diffusivity of each band
(D1, D2) determines H
c
c2(T ) (See Supplementary Fig.
S5) [31]. The two-band model can also reproduce the
strongly convex behavior of Hcc2(T ) of Sr2VO3FeAs, if we
assume dominant interband coupling (λ11λ22 < λ12λ21)
and an unusually large η = Dab1 /D
ab
2 ∼ 30 (Supplemen-
tary Figs. S5 and S6) [31]. We note however that most
of the FeSCs show a concave Hcc2(T ), and even in a few
cases, like Ba(Fe,Co)2As2 [34], LaFeAs(O,F) [36] or Nd-
FeAs(O,F) [37], that show a convex Hcc2(T ), the highest
estimated η is ∼ 10 [33], which is far less than the es-
timate η ∼ 30 for Sr2VO3FeAs. Furthermore, the hole
FS (h1) centered at the Γ point of BZ is gapped out
below THO (Figs. 1b and 1c), and therefore cannot par-
ticipate in the interband superconducting pairing. The
remaining interband coupling channel is between elec-
tron FSs (e1 and e2) centered at Γ and M points (Fig.
1c). However, considering their drastic size difference by
two orders of magnitude, confirmed by ARPES and Hall
resistivity results, they are unlikely to produce strong in-
terband coupling. These observations suggest that the
conventional multiband effect cannot be the origin of the
observed Hcc2(T ) of Sr2VO3FeAs.
Instead magnetic coupling between itinerant Fe and
localized V spins can offer a natural explanation for a
strongly convex behaviour of Hcc2(T ). Recent high field
magnetoresistance (MR) results reveal a strong negative
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FIG. 4: (Color online) (a) Temperature dependent upper crit-
ical field Hc2(T ) of Sr2VO3FeAs for H ‖ c. H
c
c2(T ) data (grey
symbols) and Jaccarino-Peter fits by using different tempera-
ture dependence of exchange fields HJ as shown in the inset
(solid line). The best fit of Hcc2(T ) (red solid line) was ob-
tained using an unsaturating HJ at low temperature, whereas
saturating HJ curves produce concave H
c
c2(T ) (orange solid
lines). (b) The estimated exchange field HJ for Sr2VO3FeAs
(this work), EuFe2As2 (Ref. 57), EuMo6S8 (Ref. 59, 60), λ-
(BETS)2FeCl4 (Ref. 61, 62).
MR with a clear kink at ∼ 38 T for H ‖ c, in contrast to
the monotonic positive MR forH ‖ ab [22]. These results
resemble the case of EuFe2As2 [57] and indicate a field-
induced saturation of magnetic V moment for H ‖ c but
not for H ‖ ab. Strong exchange coupling J of itinerant
Fe electrons to localized V spins is then expected to in-
troduce a net internal magnetic field HJ = J 〈S〉 /gmµB,
which is referred to as the JP effect [58]. With AFM
exchange interaction (J <0), a negative HJ is produced
by polarization of V spins along the external field, par-
ticularly for H ‖ c. For paramagnetic V spins, their
susceptibility and thus HJ increase with lowering tem-
peratures. Therefore, HJ compensates for the external
field and enhances Hc2(T ) at low temperature with large
external fields. This trend results in a convex Hc2(T ), as
observed in Fig. 2(c).
In the JP model with multiple pair-breaking includ-
ing the exchange field due to the localized moments [58],
Hc2(T ) can be described as
ln
1
t
=
(
1
2
+
iλSO
4γ
)
×Ψ
(
1
2
+
h+ iλSO/2 + iγ
2t
)
+
(
1
2
−
iλSO
4γ
)
×Ψ
(
1
2
+
h+ iλSO/2− iγ
2t
)
−Ψ
(
1
2
)
,
(1)
where γ = [α2(h + hJ)
2 − λ2SO]
1
2 , t = T/Tc, h =
0.281Hc2/H
∗
c2, hJ = 0.281HJ/H
∗
c2, H
∗
c2 is orbital crit-
ical field at T= 0 K, Ψ is the digamma function, λSO
is spin-orbit scattering parameter and α is the Maki pa-
rameter. Using λSO = 0.3 and α = 2.1, we successfully
5reproduced Hc2(T ) for H ‖ c (Figs. 2c and 4a). We note
that in the JP model, neither a temperature independent
HJ (green solid line) nor a saturating HJ at low temper-
ature (orange solid line) reproduces the observed upward
curvature in Hcc2(T ). The increasing HJ at low temper-
atures (red solid line) is found to be crucial to reproduce
the convex Hc2(T ), which is consistent with the param-
agnetic state of V spins [11]. The best fit for H ‖ c yields
the negative exchange field HJ increasing in magnitude
up to ∼ 30 T with lowering temperature (red solid line in
the inset of Fig. 4a). We also found that if the maximum
HJ is lower than ∼ 10 T, the calculated Hc2(T ) becomes
similar to the WHH prediction. For H ‖ ab, therefore,
the WHH-like behaviour can be explained by the upper
bound of HJ ∼ 10 T. This anisotropic HJ may be due
to the magnetic anisotropy of V spins, which is consis-
tent with the anisotropic MR showing the conventional
positive MR for H ‖ ab and the negative MR for H ‖ c
below THO [22].
The maximum HJ of Sr2VO3FeAs, estimated for H ‖
c, is comparable with those of other superconductors that
show the JP effect, including EuMo6S8 [59, 60] and λ-
(BETS)FeCl4 [61, 62], and far less than HJ ∼ 75 T of
EuFe2As2 (Fig. 4b). However, considering the smaller
〈S〉 = 1 of V spins with 3d2 configurations than 〈S〉 = 7/2
of Eu spins, the coupling constant J ∼ 2.3 meV is com-
parable in EuFe2As2 and Sr2VO3FeAs, suggesting that
they share the AFM interlayer exchange interaction. De-
spite the similarity, magnetism of Sr2VO3FeAs is highly
distinct from that of EuFe2As2. In EuFe2As2, Eu mag-
netism is induced by RKKY interaction due to itiner-
ant Fe electrons [63]. In contrast, the SrVO3 layers in
Sr2VO3FeAs have their own superexchange interaction
(JS), competing with the RKKY interaction through the
FeAs layers. The proximity coupling strength J ∼ 2.3
meV is comparable with the superexchange interaction
of V spins, JS ∼ 1.6 meV, estimated from the Curie-
Weiss temperature ΘCW ∼ 100 K [11]. Furthermore, it
is AFM type, in contrast to the FM type expected in to-
tal energy calculations [11, 64]. Such a significant AFM
proximity coupling is effective to frustrate two distinct
magnetic instabilities, Neel-type in V spins and stripe-
type in Fe spins in Sr2VO3FeAs. This magnetic frus-
tration has drastic effect on magnetism by destabilizing
these conventional AFM orders in FeAs and SrVO3 lay-
ers [11], which precipitates a C4 symmetric transition
without long-range magnetic order.
In conclusion, based on the upper critical field Hc2 and
Hall resistivity ρxy results, we show that strong convex
behavior of Hc2(T ) and the highly anisotropic Hc2 with
the largest γH ∼ 20 among the FeSCs are due to mag-
netic proximity coupling with the neighboring localized
V spins by the JP effect, rather than by the multi-band
effect. These findings demonstrate that a heterostruc-
tured Sr2VO3FeAs is a unique example in which the ex-
otic electronic order, triggered by the magnetic proximity
coupling, significantly affects the low energy electronic
structure and superconductivity. Our work highlights
that correlated heterostructures with FeSCs offer novel
and fertile grounds for studying the interplay between
superconductivity and the hidden competing orders.
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